The Alice ultraviolet spectrograph on the European Space Agency Rosetta spacecraft observed comet 67P/Churyumov-Gerasimenko in its orbit around the Sun for just over two years. Alice observations taken in 2015 October, two months after perihelion, show large increases in the comet's Lyman-β, O I 1304, O I 1356, and C I 1657Å atomic emission that initially appeared to indicate gaseous outbursts. However, the Rosetta Plasma Consortium (RPC) instruments showed a coronal mass ejection (CME) impact at the comet coincident with the emission increases, suggesting that the CME impact may have been the cause of the increased emission. The presence of the semi-forbidden O I 1356Å emission multiplet is indicative of a substantial increase in dissociative electron impact emission from the coma, suggesting a change in the electron population during the CME impact. The increase in dissociative electron impact could be a result of the interaction between the CME and the coma of 67P or an outburst coincident with the arrival of the CME. The observed dissociative electron impact emission during this period is used to characterize the O 2 content of the coma at two peaks during the CME arrival. The mechanism that could cause the relationship between the CME and UV emission brightness is not well constrained, but we present several hypotheses to explain the correlation.
INTRODUCTION
The European Space Agency (ESA) Rosetta spacecraft was launched in 2004 to perform an orbital study of flectance properties of the comet's surface and the composition and time variation of the comet's coma (Stern et al. 2007) .
Previous papers analyzing Alice data have explored the near nucleus coma (d comet ≤ 100 km) environment, the dominant emission from electron impact dissociation of water, and the spectral signature of outbursts from the nucleus (Stern et al. 2015; Feldman et al. 2015 Feldman et al. , 2016 Chaufray et al. 2017; Keeney et al. 2017; Feldman et al. 2018) . These studies have shown that the contribution of dissociative electron impact excitation to coma emission is significant and observable, as well as that molecular oxygen (O 2 ) appears to be abundant, even more so than pre-perihelion in-situ mass spectrometer data have shown (Bieler et al. 2015; Fougere et al. 2016) .
The interaction between solar system objects and powerful solar events like coronal mass ejections (CMEs) has long been a subject of interest for space physicists and planetary scientists alike. Emission spikes in conjunction with the arrival of solar events have been observed on other solar system objects as well, though none as small as a comet. For example, observations of Venus' atmosphere during solar events showed a substantial increase to the O I 5577Å emission line following interactions with CMEs, co-rotating interaction regions (CIRs), or the solar wind (Gray et al. 2014) . Substantial data have been gathered on both Earth's and Mars' ionospheric reactions to CME impacts indicating that a CME arrival is accompanied by a compression of the planetary magnetosphere, precipitation of energetic particles into the atmosphere, and an increase in electron density, as well as aurora and nightglow emission (Haider et al. 2009 ). Additionally, modeling of the Martian atmosphere has shown that during a solar energetic particle event the electron density could reach as high as 10 4 cm −3 within 100 km of the surface (Sheel et al. 2012) . A combined CME/CIR impact occurring 2014 October 22 on 67P was observed and described in Edberg et al. (2016a) and Witasse et al. (2017) and witnessed by Alice. The resulting emissions are described in Feldman et al. (2015) but were only recognized as the result of the CME impact following that paper's publication. Visible observations of the 2007 CME impact on comet 2P/Encke by STEREO were from too great a distance to directly observe the behavior of the inner coma in response to the increased flux of energetic particles (Vourlidas et al. 2007 ).
Here we describe a substantial increase in atomic UV emission lines coincident with the arrival of a coronal mass ejection (CME) at 67P. A brief overview of the Alice instrument is given in Section 2. Section 3 discusses observations of the observed emission spike that was seen on 2015 October 5-6, the same date and time that Edberg et al. (2016b) reported that a CME impacted the coma of 67P. Section 4 reviews the Alice spectra and Ion and Electron Spectrometer (IES) data gathered during this CME, and compares Alice and Rosetta Plasma Consortium (RPC) results to establish that there is a relationship between the impact of the CME and the UV emissions observed by Alice. In Section 5 we discuss the possible sources of electrons that could contribute to the observed emission and discuss the O 2 /H 2 O ratio calculated during the emission spikes. Section 6 provides a summary.
THE ALICE SPECTROGRAPH
The Alice Spectrograph was designed to characterize the surface, coma, and nucleus/coma coupling of comet 67P. It is a low-power, lightweight, imaging farultraviolet (FUV) spectrograph designed to gather spatially resolved spectra from 700-2050Å with a spectral resolution of 8-12Å for sources that extend the length of the slit (Stern et al. 2007) . The rectangular slit is 5.5
• long and has a shape reminiscent of a "dog bone", wider on the bottom and top than the middle. The slit is 0.05
• (100 µm) wide in the middle 2.0
• section of the slit, and 0.10
• (210 µm) wide in the top and bottom sections for a spectral resolution of 8Å and 12Å respectively. The microchannel plate (MCP) detector active area is 35×20 mm with a pixel size 34×620 µm for the 1032 spectral columns and 32 spatial rows. Rows 6-24 are illuminated by the slit, the other rows only see dark counts. Detector rows 12 and 18 are transition rows with intermediate solid angles between the narrow and wide sections. Each detector row subtends 0.30
• on the sky. The detector has two solar blind photocathodes (CsI and KBr) and a two-dimensional double delay-line readout enabling spectral and spatial information to be logged for every detected photon. The system uses an off-axis telescope feeding into a 0.15-m normal incidence Rowland circle spectrograph with a concave holographic reflection grating, all in an open environment. At the comet, the system experienced an unexpected time-variable feature blue-ward of Lyman β between columns 700 and 900 on the detector, most likely due to cometary dust and ions impacting the detector (Noonan et al. 2016) . The feature did not affect the analyses presented in this paper.
OBSERVATIONS AND ANALYSIS
The emission spikes we discuss in this paper were observed during 23:30-03:30 UTC 2015 October 5-6 and were captured by the Alice instrument during observing schemes that were not designed for optimal characterization of such activity. The large cometocentric distance Figure 1 . A Rosetta NavCam image taken on 2015 October 5 at 23:45:02, just prior to the CME impact, with the Alice slit overlaid. The Sun is toward the top, illuminating portions of both the head and body of 67P. The flattest "underside" portion of the body is facing Rosetta. At this time the full length of the Alice slit subtends 76 km at the nucleus distance, approximately 4.2 km per pixel. (Image Credit: NAVCAM) of Rosetta means that the UV emission is sampled from an area much closer to the nucleus than the spacecraft. Due to the less than optimal pointing of Alice for this period, it is useful to review the observation design and pointing scenario.
Alice Observations
The Alice instrument has multiple observation modes, the most common being a five or ten-minute "histogram" that uses the double delay-line detector to integrate a 2-D wavelength and spatial position image, where each pixel is a sum of the events detected at that spatial-spectral location (Stern et al. 2007 ). This observing mode is optimal when Alice's slit is stationary relative to its target. Any scanning motion of the slit in the along-slit direction at a rate greater than one spatial pixel per exposure time will smear the image. The Alice data files contain SPICE-based pointing and geometry information at the start of the exposure, but no information about how the pointing changes during the exposure.
Resonance fluorescence and dissociative electron impact on gases are expected sources of emission multiplets measured by Alice during this post-perihelion observation. Electron impact is believed to be the more significant source of emission for the period analyzed in this paper due to the dominance of the semi-forbidden O I 1356Å multiplet (discussed further below). Experimentally determined electron impact emission efficiencies, or cross sections, as a function of energy for Ly-β, O I 1304Å, O I 1356Å, and C I 1657Å emission multiplets are used to constrain the composition of the coma. This is done by comparing observed line ratios to the ratios of the 100 eV cross sections for emission features for qualitative gas compositions displayed in Table 1 . There is some tolerance to the values given in Table 1 due to the variation in the average electron energy at the comet, but in general the cross section ratios taken at 100 eV are best characterized in the literature. The ratios of the energy integrated cross sections provided in section 3.4 are similar to the ratios of the cross sections at 100 eV. Table 1 and other multiplet emissions are used to analyze the UV spectra gathered during the CME in Section 4. While not ideal, mixed gas electron impact UV emission studies have yet to be attempted.
Geometry and Spacecraft Pointing
Starting at 23:30 UTC 2015 October 5 and continuing to 06:00 October 6, the Rosetta remote sensing instruments were performing a steady off-nadir angle scan. The Rosetta spacecraft was in an approximately terminator orbit at 40
• latitude on the nucleus. The comet orientation for this period of time is captured in the NavCam image in Figure 1 . At this time Rosetta was at a heliocentric distance of 1.4 AU, having reached perihelion on 2015 August 13. The spacecraft was on its way back to the near-nucleus coma from a day-side excursion that took place in late 2015 September. During this excursion Rosetta reached 1500 km from the nucleus in the Sun-ward direction. The CME impact occurred when Rosetta was traveling towards the nucleus, from distances between 800 and 750 km (Edberg et al. 2016b) .
Observations from VIRTIS (Coradini et al. 2007 ) post perihelion place H 2 O column densities around 2-4 ×10 20 m −2 at this time (Bockelée-Morvan et al. 2016) . Alice observations of the water column density in the months leading up to perihelion support the observations made by VIRTIS (Chaufray et al. 2017) .
The scanning motion of the Alice instrument was along the Sun/comet line, parallel to the direction of . Top: Alice spectrum before CME impact taken at 00:38:59 UTC 5 October with similar, though not identical, pointing to the CME impact period. Reflected sunlight from the nucleus can be seen in the 1700-2100Å area of rows 17 and 18. Bottom: Alice spectrum during CME impact taken at 00:17:38 UTC 6 October. Ajello (1971a) , Ajello (1971b) , Makarov et al. (2004) , Kanik et al. (2003) , and Mumma et al. (1972) the slit. Over the course of the impact observations the scanning motion of the slit ranged from 0.00006 to 0.03 degrees per second, reducing the effectiveness of plotting the emission as a function of row/distance from nucleus. For the observations closest in time to the occurrence of the emission spikes discussed in this paper, the scanning rate averaged 0.001 degrees per second, or about one detector row per 300 second observation. These observations took place with an off nadir angle less than one degree from the nucleus, allowing a line of sight that captures emission from the near-nucleus environment, under 10 km from the nucleus. Just after 00:00 UTC on October 6, the brightness of all measured emission lines began to increase (Figure 2) . O I 1304 and 1356Å has a relatively uniform brightness across the slit, while C I 1657Å and weak C I 1561Å are present in the upper rows as well. Note the appearance of weak sulfur and carbon multiplets at 1429 and ∼1470Å , respectively, and a stronger sulfur multiplet at 1807, 1820, and 1826Å. The presence of sulfur and sulfur-bearing species in the coma has been reported by Calmonte et al. (2016) . Several spatially summed spectra from detector rows 13-17 for this time are shown in Fig. 3 to display the unique emission observed during this period. The first observation, taken on October 5 at 00:49 and plotted in blue, shows the coma two rotations (∼24 hrs) prior to the CME impact from a similar off-nadir angle and Sun/comet orientation at a cometocentric distance of 860 km. The nucleus is captured as well in these early observations, producing the continuum at the red-ward side of the detector. The second observation, taken on October 6 at 00:52 and plotted in orange, shows a spectrum taken during the first spike of emission in Alice data. The third observation, taken on October 6 at 02:29 and plotted in green, is from the second emission spike. The second and third spectra are from the two spikes of the distinct increases in emission.
Gas
The emission values of O I 1304Å are nearly identical for the two spikes. In contrast, the second spike of the Lyman-β emission line is significantly stronger than the first and both O I 1356Å and C I 1657Å are weaker. All observations have a similar pointing scheme and ≤ 1 • off-nadir angle for the center of the slit. The oxygen, carbon, and hydrogen emissions for the first period have similar relative increases, but only the hydrogen emission increases further in the second emission spike. When the quiescent coma spectrum is subtracted from the emission spike spectra to produce a difference spectrum, this relative change is more pronounced (Fig. 3) .
By integrating the emission multiplets for spectra taken between the 5th and 6th of October where the slit center, which coincides with detector row 15, is within 1 degree of the nucleus a plot of their brightness as a function of time can be used to look for the key moments and areas of emission. This is shown in Figure 4 . Each observed multiplet experiences two emission spikes; the secondary spike for Ly-β is stronger than the primary. This is in contrast to the other multiplets where the secondary emission peaks are weaker than the primary. Each multiplet experiences a relatively smooth decrease back to quiescent levels starting on October 6th at 03:15. It should be noted that the line of sight for the Alice instrument did not intersect the nucleus of 67P during the CME impact period, except for the set of observations made October 5 between 21:11 and 21:39 UTC and one observation on October 6 at 02:48 UTC. This means, as with all limb or coma observations, that the interplanetary medium Lyman-α and β emissions are included in the observations at a constant background level that are subtracted in the the quiescent-subtracted spectra for compositional analysis. Compared to the observations taken 24 hours (i.e. approximately two comet rotations) earlier from a distance of 860 km, we see that line brightnesses increased 5-8 times for Ly-β and O I 1304Å, and approximately 15 times their quiescent value for O I 1356Å (Figure 4 ).
Complementary Observations
To correlate Alice observations to the CME passage we use in situ data gathered by the Rosetta Plasma Consortium instruments, specifically the Ion and Electron Spectrometer (RPC-IES) (Burch et al. 2007) . During the CME impact RPC-IES collected data on the electron energy distribution at Rosetta at regular intervals (Edberg et al. 2016b) , and these data that have been fit with kappa functions described in Broiles et al. (2016a) . RPC-IES measures electrons above 4.3 eV, which allows measurement of the lowest energy electrons responsible for dissociative electron impact emission. Threshold energies for dissociative electron impact are unique to each molecule, but the lowest threshold energies are ∼15 eV for relevant UV emission features. RPC-IES measurements can characterize all electrons that can contribute to the electron impact emission features with minimal effect from the spacecraft's potential, which is typically negative, and therefore repels a portion of the low energy electrons from IES below the threshold energies. Suprathermal electrons (10-200 eV) may have energies linearly shifted, but this effect is small (Clark et al. 2015) . Observations from the other four RPC instruments are not discussed in detail but are mentioned in this paper.
Dissociative Electron Impact Analysis
Laboratory experiments have measured the cross sections for the O I 1304Å, O I 1356Å, C I 1657Å, and Ly-β transitions for electron impact on each of the expected major components of the coma: H 2 O, CO 2 , O 2 , and CO (Ajello 1971a,b; Makarov et al. 2004; Mumma et al. 1972; Kanik et al. 2003; Ajello & Franklin 1985; Ajello 1971c ). The four dominant molecules in the coma can dissociate into O fragments and be excited into OI, allowing for O I 1304Å and O I 1356Å from all four sources. The molecule-and transition-specific cross sections for Ly-β and C I 1657Å are used as indicators for H 2 O and CO 2 , respectively. Ly-α is not used for this analysis due to instrument gain sag in that portion of the detector, though relative changes are still apparent.
Mathematically, the ratio of the O 2 and H 2 O column densities can be written as a function of the observed brightnesses of the O I 1304Å, O I 1356Å, and Ly-β in the coma and their energy integrated cross sections:
where N is the column density, B is the brightness of the emission feature in Rayleighs, and the numerical constant represents the ratio of energy integrated g-factors for the O I 1304Å and O I 1356Å features between O 2 and H 2 O. Each individual integrated g-factor can be calculated using:
where σ is the analytically derived cross section efficiency of dissociative electron impact for molecule y and emission feature λ as a function of electron energy as described in Shirai et al. (2001) and Kanik et al. (2003) . The lower limit of integration E T is defined as the threshold energy below which the emission feature will not appear. f pde (E) is the electron population distribution as measured at the spacecraft. This method loses effectiveness during periods with small amounts of electron impact activity, which are associated with a O I 1304/1356Å ratio near 1. CO 2 and CO have O I 1304Å and O I 1356Å cross sections similar to O 2 , but have dissociative cross sections for unique carbon emission features, producing a "fingerprint" in spectra at the C II 1335Å, C I 1561Å, and C I 1657Å multiplets; if seen, these would indicate that CO 2 and/or CO are present rather than O 2 . The low CO/CO 2 ratio observed at 67P around perihelion (Mall et al. 2016 ) and similarity of the carbon features to dissociative electron impact of CO 2 makes CO unlikely to contribute significantly to these carbon multiplets for the CME impact period. For this reason CO is excluded from subtraction in Equations 1 and 2. An electron impact model for H 2 O and CO 2 derived from Makarov et al. (2004) ; Ajello (1971b) and Shirai et al. (2001) is fit to quiescent, background-subtracted data to determine contribution to the O I 1304Å and O I 1356Å emission features. The expected contribution is subtracted in Equation 1 to prevent an overestimation of the O 2 abundance relative to H 2 O. An example of this model fit is displayed in Figure 5 . The model assumes a H 2 O column density of 10 20 m −2 from VIR-TIS measurements (Bockelée-Morvan et al. 2016), 30% CO 2 /H 2 O relative abundance, 100 eV electron energy, and a Gaussian distribution of photons about the emission feature wavelength, and multiplies the spectrum by a constant until the modeled spectrum resembles the observed. Emission features with threshold energies higher than the average of 15 eV, like the C II 1335Å feature, have an additional constant to lower their values. This correction is used to scale for the electron energy distribution at 67P having a significant number of electrons at energies lower than the threshold of these features, but high enough to create C I 1657Å or Ly-β emission. All electron impact cross sections available from the literature to synthesize the model spectra are taken at 100 eV.
We use the same method as Feldman et al. (2016) , which takes advantage of the small O I 1356Å cross section for H 2 O. This method requires the assumption that electron impact on O 2 contributing to O I 1027Å emission is minimal relative to Ly-β emission. The cross section of O I 1027Å for O 2 is about an order of magnitude lower than that of Ly-β for H 2 O, so this is a reasonable approximation (Ajello & Franklin 1985; Makarov et al. 2004) .
Using the relative cross sections for analysis works under the assumption that the same electron population affects each of the four gases. The model describes the measurements well with minimal adjustment, so this is reasonable assumption to make. This method only yields information on relative abundance, not column density.
RESULTS
The large increase in emission that occurs after 00:00 UTC on October 6 yields the opportunity to explore the composition of the near-nucleus coma, provided there are no simultaneous outbursts of gas from the nucleus. The period during and following the CME impact is of interest due to the correlation of electron density and semi-forbidden O I 1356 emission multiplet. The increased signal-to-noise ratio for this period allows a qualitative determination of the coma composition during the CME impact for the Alice line of sight.
Concurrent Electron Density Measurements
Using the O I 1356Å emission multiplet as a proxy for the electron density near the nucleus, we compare the O I 1356Å emission to the measured electron density from the RPC-IES instrument on board the Rosetta spacecraft in Figure 6 . The electron impact emission of O I 1356Å and the electron density both experience an increase starting at 00:00 UTC on October 6. The O I 1356Å emission peaks nearly simultaneously with the electron density during the CME arrival and decreases smoothly back to quiescent levels, contrasting the fast drop in electron density measured at the spacecraft after 04:00 UTC (Figure 6 ).
The energy distribution of these IES-measured electrons also shows a shift in the energy spectrum. Figure  5 of Edberg et al. (2016b) shows that during the CME impact there is a larger number of electrons with energies ≥50 eV than measured in previous days. These observed energies have larger lab-measured dissociative impact cross sections for the relevant molecules, which could explain the increase in emission (Makarov et al. 2004; Ajello 1971a; Kanik et al. 2003; Ajello & Franklin 1985; Ajello 1971c) . However, the electrons detected by RPC-IES are at the spacecraft, whereas the emission of O I 1356Å may come from anywhere along the line of sight within Alice's field of view. This becomes critical during the impact of a coronal mass ejection because, as Edberg et al. (2016b) report, the plasma environment was compressed, allowing solar wind ions to be detected directly by Rosetta for the first time since April 2015. This compression would cause a very different plasma environment at the spacecraft than along the Alice line of sight passing near the nucleus.
The arrival of the CME is characterized by an increase in the electron density and energy, appearance of solar wind ions, and an increase in the magnetic field strength (Edberg et al. 2016b) , first occurring at 20:15 UTC October 5. All of these factors were measured by the RPC instruments at Rosetta, so the same characteristics may not be applicable across Alice's line of sight. Figure 6 shows that the warm electron population (electrons with Figure 4 . Brightness vs. Time for October 5-6. All times displayed are in UTC. Gaps in data indicate periods where the Alice slit was more than 1 degree off of nadir or was not taking data. The nucleus is closest to rows 13-17 for this period, with rows 18-22 capturing sunward coma and rows 8-12 capturing anti-sunward coma. Rows closest to the nucleus see the strongest emission, followed by the sunward and anti-sunward coma. The solid angle differences for rows 12 and 18 are corrected for in the brightness calculation. The largest relative increase in emission occurs for O I 1356Å. 1-σ error bars are not plotted but are between 1-7 Rayleighs. energies between 5-100 eV) correlates with O I 1356Å emission, with both emission spikes corresponding to maxima of the IES warm electron population. It also appears that the decay in O I 1356Å emission with time correlates to the decreasing electron density after the CME passes, around 02:45-03:00 on October 6. The correlation of these two measurements indicates that the CME directly or indirectly increased the electron impact emission of the near-nucleus coma.
The likelihood of an outburst occurring at the same time as the CME arrival is small, though it cannot be ruled out. The four O I 1356Å brightnesses measured an hour after the RPC magnetometer detected the arrival of the CME, but 3 hours before the first steep increases in electron density at the spacecraft, may indicate a gas outburst (Figure 6 ). If so, this would be an outburst similar to the one detailed in Feldman et al. (2016) happening just after the CME arrival. A first order calculation of the probability of an outburst overlapping with the CME using the outburst frequency of 0.78 outbursts/day from Vincent et al. (2016) suggests a 2% chance of this particular case. These observations may also be an indication of a more rapid change in the near-nucleus electron environment following the Possible Outburst Figure 6 . Comparison of Alice O I 1356Å emission from rows 13-17 (blue stars) with the warm (5-100 eV) electron density (red triangles) as defined by Broiles et al. (2016a) and Broiles et al. (2016b) from the IES instrument. The x axis begins at the start of the CME as reported by the RPC magnetometer in Edberg et al. (2016b) . O I 1356Å measurements that may indicate a possible outburst are marked. This possible outburst time coincides with slightly elevated electron fluxes that may be indicative of an outburst as well. Labels 1 and 2 denote the two electron spikes that coincide with spikes in O I 1356Å emission. Spectra with an off nadir angle less than 1
• are used to create the plot. CME impact, but without simultaneous electron measurements at both locations there is unfortunately no way to disentangle the two possibilities.
Spectra
The most likely cause of the spikes in emission is the CME, whether through direct impact of CME electrons or higher order interactions, such as magnetic reconnection events or ionization of neutrals by CME energetic particles. In either case the significant presence of the semi-forbidden O I 1356Å line is an indication that the emission spike has a large electron impact component; as a spin-forbidden transition it can only occur from electron impact and not resonance fluorescence. Providing there was not a gas outburst from the comet at a coinciding time this data would provide a sampling of the near-nucleus coma. If this is the case, a brief comparison of the line ratios during the CME to Table 1 shows that the portion of the coma observed would be in reasonable agreement with a mixture of H 2 O and O 2 plus a small component of CO 2 . This mixture would produce spectral features similar to the outburst composition of O 2 /H 2 O ≥ 0.5 and a C I 1657Å emission with an unclear origin found by Feldman et al. (2016) . Though sulfur and sulfur-bearing compounds have been observed at 67P, the observed sulfur multiplet emission does not correspond to electron impact on SO 2 (Calmonte et al. 2016; Vatti Palle et al. 2004) . By subtracting the quiescent period spectra from the spectra taken during the CME we can attempt to identify the composition in the coma at the time of the CME and examine the effect the solar event had on the coma. The line ratios of four periods of specific interest are summarized in Table 2 and analyzed here.
Pre CME Emission
The first period of interest covers four observations made between 00:08 and 00:38 UTC, during which the Alice slit intersects the nucleus of 67P. The emission is consistent with the October 5 00:49 UTC spectrum plotted in Figure 3 . This time period is characterized by low levels of emission of the Ly-β, O I 1304Å, O I 1356Å, and C I 1657Å multiplets, most likely indicative of the pre-CME coma environment. The emission multiplet ratios from Table 2 for the rows closest to the nucleus, and thus most affected by electron impact excitation due to the line of sight integration and higher column density, indicate a H 2 O-dominant coma with carbon compounds contributing to the C I 1657Å multiplet, but with no obvious O 2 signature. There is a nearly 24-hour time difference between this period of interest and the first emission spike during the CME impact. This time difference opens the possibility that the composition of the coma seen by Alice two comet rotations prior to the CME impact was different from the coma composition observed during the CME impact.
First Emission Spike
Emission from the coma reaches the first spike on October 6th at 00:52 UTC, just over an hour after the initial CME impact (Edberg et al. 2016b) . Spectra taken between 00:46 and 00:57 on October 6 are used to characterize this spike. This period corresponds to the maximum density of solar wind ions measured by the ICA instrument during the CME (see figure 4b of Edberg et al. 2016b) . Table 2 and Figure 7 show that the line ratios that occur during the CME are not similar to what was observed during two cometary rotations earlier; the O I 1304/1356Å ratio has dropped to ≈1, indicating the presence of O 2 (Feldman et al. 2016; Kanik et al. 2003 Table 2 . Observed emission line ratios for four distinct periods described in Sections 3 and 4. Pre-CME values are taken from three exposures made two comet rotations earlier with similar, though not identical, pointing to the spectra plotted in Figure 2a . All values are taken from rows 13-17. CME spike values correspond to the three exposures closest to the maximum spectrum for each spike, both shown in Figure 3 . The post-CME values are calculated from three exposures gathered just before the final gap in data at 07:37 UTC on October 6. This period is used as the quiescent subtraction due to the identical pointing.
experience a decline until the second spike occurs. Additionally, this period is missing CO emission from electron impact on CO 2 , which has maximum cross sections between 20-40 eV (Ajello 1971b) . This suggests that the dominant electrons are in the 100 eV range, where cross sections are maximized for O 2 , H 2 O, and CO 2 carbon and oxygen emission.
Second Emission Spike
The second spike occurs approximately 1.5 hours after the first, with the maximum reached at 02:34 UTC during a short 46-second exposure. Due to the short exposure time the signal-to-noise ratio is lower than the surrounding exposures at 02:29 and 02:48 UTC. Measurements from the IES instrument show the highest density and energy of electrons occur during this time period (Figure 6 of this paper and Figure 4c of Edberg et al. 2016b ). Again, we see that the emission increases for all of the largest multiplets, but unlike the first spike Ly-β experiences the largest relative increase. The C I 1657Å/Ly-β ratio dropped further from the first spike, down to 0.47. Similarly, the Ly-β/O I 1304Å ratio increases up to 1.2, the result of a stronger Ly-β presence in the second spike and a decreased presence of O I 1304Å and O I 1356Å emission (see Figure 4) . The O I 1304/1356Å ratio rose slightly to 1.2, indicating a lower abundance of O 2 in the coma. The increases seen with Ly-β also suggest a change to the O 2 /H 2 O relative abundance. Individual spectra near this spike show some evidence of electron impact on CO 2 producing CO emission (Fig 3) in the 1400 to 1500Å region. The CO emission suggests that the incident electron population has a cooler population with energies nearer to the CO emission from dissociative electron impact on CO 2 (Ajello 1971b ). Alice observations cease before a decrease in the emission spike is observed, leaving the possibility that the increase in emissions continued.
Post CME Emission
As observations resumed again at 03:15 UTC all emissions experienced a steep decrease down to a background level (Figure 4 ). This smooth decline stands in contrast to the sharp drop seen in the electron density by IES at the spacecraft (Figure 6 ), suggesting a difference between the near-nucleus and spacecraft-measured electron populations. Using the O I 1356Å multiplet as a proxy for electron impact emission shows that the contribution of electron impact to the emissions almost entirely disappears. The O I 1304/1356 ratio rose to 5.3 due to the decrease in the electron impact emission, and continued to rise after this time period (Figure 7) . The changes in Lyman-β and the C I 1657Å multiplet seen in the second emission spike continue, with the C I 1657Å/Ly-β ratio measured near 0.4-0.8 from the resumption of observations at 03:15 UTC onward. For the post-CME time period described here the value was 0.35. Compare this trend to the period just prior to the second emission spike in Figure 7 , which shows a steady increase to the ratio prior to the end of observations. The lack of electron impact emission for this time period prevents the accurate use of Table 1 for analyzing composition.
DISCUSSION
The emissions spikes observed on October 6 present several problems for decisive analysis. Due to the timing of the emission compared to the CME impact it seems most likely that the emission is driven by changes to the electron environment, though we cannot rule out that an outburst occurred at the same time. The four significant detections of O I 1356Å around October 5 21:25 UTC, approximately 3 hours before the substantial increase to the RPC-IES measured electron density (Figure 6 ), may be a sign of an outburst similar to that reported in Feldman et al. (2016) . Here we attempt to distinguish between possible scenarios that could have increased electron energy and/or density and how they compare to observations. Figure 7 . Emission line ratios as a function of time from rows 13-17. Labels 1 and 2 mark the same boundaries for electron spikes as in Figure 6 . The x-axis starts at the time of the first RPC detection of the CME arrival at 20:15 UTC. Of particular interest is the O I 1304/1356Å ratio near 1 during the impact, the drop in C I 1657/Ly-βÅ, and the increase to Ly-β/O I 1304Å and O I 1304/1356Å ratios during the secondary outburst.
Electron Impact Emission
The detection of the semi-forbidden O I 1356Å emission line for the duration of the CME as measured by IES supports the hypothesis that the change in emissions during this period was the result of increased electron impact on the coma of 67P (Figure 6 ). The 1:1 ratio of O I 1304Å and O I 1356Å in Figure 7 is a prime indicator of the electron environment's effect on the coma, since the only way for these to reach equal levels is as a result of electron impact (Kanik et al. 2003; Ajello 1971a,b) . Due to the unique circumstances surrounding these observations we would like to address several hypotheses for how the electron environment could have become more favorable for electron impact emission during the CME impact.
Introduction of CME Electrons
The simplest case is that the increase in electron impact could result from the introduction of CME electrons to the near-nucleus environment. The RPC instruments on board Rosetta observed and reported on this electron population in Edberg et al. (2016b) , which was rich with electrons in the 10-200 eV energy range.
If this population of electrons penetrated into the nearnucleus environment, the energies would be ideal for maximizing emission from electron impact based on labdetermined cross sections. Because the RPC measurements are taken in situ and Alice results represent a lineof-sight integration, assumptions must be made about the electron and gas density along the line of sight in order to properly determine this effect's contribution. However, this hypothesis does not explain the difference in slope between the observed O I 1356Å emission and the in situ electron measurements, which would be expected to match exactly if the CME electrons were the main contributor due to the short lifetime of the excited state, and under the assumption of uniformity for the CME electron density on the scale of the Rosetta-comet distance. This mismatch between slopes, especially in the period following 04:00 UTC, is clearly seen in Figure 6 .
Compression of the Diamagnetic Cavity
The CME impact onto the comet likely compressed the plasma environment of the coma, allowing solar wind ions to penetrate closer to the nucleus for the first time since March 2015 (Edberg et al. 2016b ). The most important aspect of the CME's effect on the environment for dissociative electron impact emission is the compression of the diamagnetic cavity, within which there is no magnetic field. At 67P the region inside the diamagnetic cavity was determined to be somewhat depleted of electrons between 150-200 eV and substantially depleted of electrons around 100 eV (Nemeth et al. 2016) , making the cavity less favorable for electron impact emission. Furthermore, the electron gyroradius is small compared to other length scales in the plasma of the coma environment, preventing electrons from the extended coma and solar wind from passing into the cavity. This would imply that the electron population best suited for dissociative electron impact excitation exists just outside the cavity, where electrons have the highest density and energy distribution and the neutral number density is highest.
The diamagnetic cavity radius was first calculated using a balance of the Lorentz and neutral friction force (Cravens 1987; Ip & Axford 1987 ), but we can now bolster this with observational constraints from RPC measurements. At 67P the diamagnetic cavity was found to extend farther from the nucleus then expected (Goetz et al. 2016a,b) , and can be calculated using: Table 3 . Calculated O2/H2O abundances from the emission spikes described in Sections 3/4 and plotted in Figure 3. where B(r) is the magnetic field measured at radius r, c is the constant 7.08×10 −18 km nT s 3/4 , and Q is the production rate of the comet (Timar et al. 2017) .
If the production rate of the comet is assumed to be constant during the passage of the CME the radius of the diamagnetic cavity can be calculated using the magnetometer measurements stated in Edberg et al. (2016b) and spacecraft-comet radius. In the initial conditions, with a measured magnetic field magnitude of 40 nT, a water production rate of 7×10 27 s −1 from Hansen et al. (2016) , and a spacecraft-comet distance radius of 876 km this corresponds to a cavity extending 134 km from the nucleus. For magnetic field magnitudes of 60 and 100 nT and spacecraft-comet radii of 766 and 756 km for emission spikes 1 and 2 this corresponds to radii of 85 and 54 km, respectively.
These two different cavity radii probe regions of the coma with approximately 2.5 and 6 times the number density of neutrals at the original cavity radii, if a Haser model of neutral distribution is assumed. When the higher density and energy electron population of the CME are coupled with the higher neutral density of the inner coma regions, the area most favored for dissociative electron impact emission is a shell just outside of the diamagnetic cavity boundary. Taking into account the factor of 2.5-6 increase in neutral density, the factor of 6-10 higher electron flux from the CME, and the factor of 2-3 higher average electron energy we see the electron impact emission could be expected to increase between a factor of 10-20 over the quiescent values, depending on the emission spike and time of RPC observations (Edberg et al. 2016a ). This increase is similar in magnitude to the spikes show in Figure 4 .
The orientation of the Alice slit during this time period, parallel to the Sun-comet line and within a degree of the nucleus in the middle of the slit, means that even when the diamagnetic cavity was most compressed in emission spike 2 the line of sight for all rows still passed through the outer coma, through the diamagnetic cavity, and back into the outer coma on the other side. Throughout the CME impact the middle and upper rows of the detector would have captured these two boundary regions of the cavity, providing additional continuity to the observation pointing and geometry. This should allow the first order comparison done above to hold for these situations, but there are some caveats. The structure of the diamagnetic cavity has been shown to have sinusoidal heterogeneities in the structure (Goetz et al. 2016b; Henri et al. 2017) , and it is possible that there were changes to the structure and radius of the diamagnetic cavity due to the CME.
The subsequent expansion of the diamagnetic cavity following the passage of the CME and a subsequent decrease in magnetic field magnitude could explain the smooth decline in O I 1356Å emission. More simulation work is required to further explore this possibility, specifically with magnetohydrodynamic and hybrid modeling to properly constrain the behavior of the magnetic field lines near the nucleus in these direct CME impact cases.
Lower Hybrid Waves
Additional plasma physics could also contribute to the increase in dissociative electron impact emission. The lower hybrid waves observed in the plasma environment of 67P by the RPC instruments may have played a role. These waves, which are the result of lower hybrid drift instabilities in the plasma, were observed by the Langmuir probe (LAP) on board Rosetta in October and November of 2015, approximately the same time postperihelion as the CME impact (Karlsson et al. 2017) . The ion and electron gradients that drive the instabilities creating lower hybrid waves are heavily influenced by interactions with the solar wind, so an energetic event like the CME could have drastically amplified the waves observed just a few weeks later by LAP. Lower hybrid waves are capable of heating the thermal electron population (5-10 eV) to energies above the threshold energy for electron impact emission (15-20 eV) (Karlsson et al. 2017; André et al. 2017) . A boost to this super-threshold population from increased lower hybrid waves during the CME impact could explain the decoupling between the electron density and dissociative electron impact emission after the second emission spike shown in Figure 6 , where it is clear that there is a divergence between the electrons measured by RPC and the impacting electron population along the Alice line of site.
O 2 in the Coma
The strong appearance of O I 1304Å and O I 1356Å emission in the spectra taken by Alice indicates that there is a substantial amount of O 2 present in the coma of 67P at the time of the CME impact, or introduced to the near-nucleus coma from an outburst. O 2 /H 2 O abundances calculated using Equations 1 and 2 on a sample of three spectra centered on the maxima of emission spikes 1 and 2 are shown in Table 3 . The lower rows of the slit are not used in analysis due to the decreased dissociative electron impact emission observed there. The first emission spike has an average O 2 /H 2 O ratio of 0.14. The second emission spike has an average value of 0.08, just over half that of the first.
These calculated values show an O 2 /H 2 O relative abundance that ranges from two to five times that of the O 2 /H 2 O ratio of 0.038 found by Bieler et al. (2015) and below that of the O 2 /H 2 O ratio of ∼ 0.22 found by Feldman et al. (2016) for several outbursts in 2015. This level of O 2 in the coma is not unique, however. Stellar appulse observations taken with Alice in 2015 show a range of 0.1 to 0.6 for O 2 /H 2 O (Keeney et al. 2017) . The drop in the relative abundance between the first and second emission spikes suggests a change to the coma composition in the hour and half between them, which may or may not be related to the CME. All cases suggest that the presence of O 2 at 67P is substantial, which requires mechanisms for trapping the highly volatile O 2 into ice and/or for forming O 2 through chemical pathways (Mousis et al. 2016; Taquet et al. 2016; Dulieu et al. 2017 ).
SUMMARY
Based on the comparison between the IES measured electron densities, cross sections of water, carbon dioxide, and molecular oxygen and the observed line ratios for FUV spectra taken during the CME impact on 2015 October 5-6, we believe that substantial electron impact dissociation took place. Although the exact source of the increased emission cannot be specifically stated, the timing of the emission spikes matches the arrival of the electrons attributed to the CME. The unique electron environment allowed Alice to observe the near-nucleus coma environment in a way that had previously only affected a region within tens of km of the surface (Feldman et al. 2015) . Two emission spikes correlate to IES measurements of increased electron density, magnetometer measurements of increased magnetic field magnitudes, and have two different O 2 /H 2 O ratios, indicating change to the region affected by electron impact emission in the 90 minutes separating the spikes. The emission along the Alice line of sight decays over the next several hours back to the quiescent level following a steep drop in the warm electron density as measured by IES at the Rosetta spacecraft. The near nucleus environment experienced profound changes during the CME impact that resulted in the dominance of electron impact emission for the duration. This period of increased emission was used to calculate the O 2 /H 2 O abundance ratio, ranging from 0.06-0.16. This research supports the results of Bieler et al. (2015) , who found that the levels of molecular oxygen are high enough to no longer fit current cometary formation models, and that the process that creates these reservoirs of molecular oxygen in the comet is still unknown. However, the O 2 /H 2 O ratio in this event was several times higher than the result of Bieler et al. (2015) . The O 2 /H 2 O ratio values found by this work are lower than the ratio found by Feldman et al. (2016) and agree with low impact parameter values from stellar appulse observations (Keeney et al. 2017) .
